Background Recent advances in technology and the use of image archiving and communication systems (PACS) has led some institutions to abandon conventional plain film radiography and rely solely on digital computed radiography. The level of accuracy of digital radiography in measuring distances for orthopaedic applications is unclear. Questions/purposes Is it possible to accurately measure small distances using digital radiographs and PACS software? Materials and Methods A model for measuring articular step-off was created using a commercially produced radiographic phantom with predetermined markings at known distances. Radiographs were taken using both indirect and direct computed radiography systems, then uploaded to a PACS system. Eighteen observers measured the distance between standardized, preselected points on the radiographic phantom. The measured values were compared with the known values for each measurement.
Introduction
Recent advances in technology and the use of PACS has led some institutions to abandon conventional plain film radiography and rely solely on digital computed radiography. There is an inherent loss of resolution when using digital computed radiography rather than conventional plain film radiography [6] . Resolution can be expressed in terms of the number of line pairs per millimeter. Conventional films have five to 10 line pairs per mm, whereas many digital radiography systems have only two to four line pairs per mm [3, 6] . This means that although conventional radiographs can differentiate a difference of 0.1 to 0.2 mm between two points, digital radiographs can differentiate only a 0.25 mm to 0.5 mm difference between points.
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resolution and software error may greatly affect our ability to measure small distances on digital radiographs, including fracture gaps [4] . We assume our measurements are accurate; however, there have been no published orthopaedic studies to confirm this assumption.
Long-term studies of functional outcomes in the distal radius [8, 9, 14] , tibial plateau [2, 5, 13] , and acetabulum [10, 11] fractures show improved outcomes with accurate reduction of the articular surface. For example, Matta [10] found that patients with an anatomic reduction after open reduction and internal fixation of acetabulum fractures achieved excellent outcomes, whereas patients with 2 mm of fracture step-off achieved poor outcomes.
The technique of acquiring digital images is different than for conventional radiography. In conventional radiography, the optical signal is derived from the light emitted in response to radiation. Digital radiography uses photostimulable phosphors, most commonly in the barium fluorohalide family, impregnated into an imaging plate or screen. The trapped charge of the latent image is released from metastable traps in a process called photostimulable luminescence (PSL). PSL causes the emission of a shorter wavelength of light (blue).
There are two types of digital radiographs, indirect and direct, which refer to the method of acquiring the image. In indirect computed radiography, an imaging plate containing the storage phosphor is placed in a light-tight cassette, exposed to the xray beam, and then placed in a reader that uses a laser to release the PSL. The PSL is detected with a photomultiplier tube (PMT) and the signal then is digitized to produce an image. In contrast, direct computed radiography directly converts the image without the intermediary step of processing a cassette [12] .
The purpose of our study was to determine if it is possible to accurately measure small distances using digital radiographs and PACS software.
Patients and Methods
A model for measuring articular step-off was created using a commercially produced radiographic phantom with predetermined markings at known distances (Fig. 1 ). Radiographs were taken using standard techniques, with the accelerator 36 inches from the phantom and the beam centered on the phantom, and also were taken using an indirect computed radiography system (Axiom Aristos; Siemens USA, Malvern, PA, USA) and a mobile direct computed radiography system (Mobilett; Siemens USA). The images then were uploaded to a PACS system (iSite Radiology; Philips, Amsterdam, The Netherlands). Eighteen surgeons measured the distance between standardized, preselected points on the radiographic phantom.
Two distances, one large and one small, were measured in millimeters for each of the two radiographs using PACS measurement tools (Fig. 2) . Observers measured each value on two separate occasions, separated by 3 weeks.
The measured values were compared with the known values for each measurement. Mean, median, SD, and 95% confidence intervals were calculated for each measurement. The ICC was calculated for interobserver and intraobserver reliability calculations owing to the continuous scale of the data and the number of observers. Fig. 1 The radiographic phantom used in our study is shown. It is composed of a plastic background imprinted with radiopaque lines at fixed, known intervals. 
Results
The known values for the indirect computed radiograph were 3.2 mm for the short distance and 152.4 mm for the long distance. The average measurement for the short distance was 3.1 mm (SD, 0.5 mm) with a range of 1.6 mm to 4.0 mm. The average measurement for the long distance was 153.8 mm (SD, 0.9 mm) with a range of 151.5 mm 155.2 mm. Therefore, the differences between the known value and the mean measured value for the indirect short and long measurements were 0.1 mm and 1.4 mm, respectively.
The known values for the direct computed radiograph were 203.2 mm and 6.3 mm. The average measurement was 6.3 mm (SD, 0.5 mm) with a range of 4.7 mm to 7.1 mm for the short distance and the average measurement was 205.8 mm (SD, 1.0 mm) with a range of 204.0 mm to 207.3 mm for the long distance. Therefore, the differences between the known value and the mean measured value for the indirect short and long measurements were 0 mm and 2.6 mm, respectively.
The ICCs for interobserver reliability were 0.82 for indirect and 0.75 for direct digital radiography. The ICCs for intraobserver reliability were 0.94 for indirect and 0.90 for direct digital radiography.
Discussion
The measurement of relatively small distances (1-2 mm) on radiographs has gained increasing importance regarding outcomes and indications in orthopaedic surgery. The recent transition of conventional radiographs to digital computed radiography and measurement using PACS software creates two potential sources of error in measurements. Although several studies have been published in the orthodontic literature confirming that digital radiographs are accurate for determining endodontic working length [1, 3, 7, 15] , a review of the orthopaedic literature revealed no published studies confirming accuracy for orthopaedic applications. We therefore determined if it is possible to accurately measure small distances using digital radiographs and PACS software.
We acknowledge the following limitations to our study. First, caution must be taken when generalizing these results to fractures and real-life radiographs. In this study, the observers were asked to measure the distance between two discrete lines on a radiograph with no background noise or soft tissue shadows. The results of this study are applicable under ideal conditions and in vivo measurements most likely would be less accurate. Second, although the difference from the mean is small (0.1 mm in short distances and 1.4-2.6 mm in the long distances), the range (2.4 mm range for a known value of 3.1 mm) and standard deviation (0.5 mm) of measured values are large compared with the known value. This highlights the importance of comparing the measurements of multiple observers before making conclusions. Third, the selection of distances was limited by the availability of commercially produced radiographic phantoms with predetermined distances. However, having distances that were not standardized (ie, 1.0, 2.0, 3.0, etc) helped prevent bias by preventing observers from trending toward a round number for their measurement.
As expected, measurements were much closer to the known value for the small distances compared with the long distances. No observer was able to correctly measure the known value for either of the long distances. However, three subjects were able to precisely measure the short distance for the indirect radiograph, and one subject was able to measure the exact short distance for the direct radiograph.
Although the mean measured values were accurate (within 0.1 mm for a known distance of 3.2 mm), the standard deviation of measurements (0.5 mm) could affect the interpretation of data, especially in clinical situations such as when evaluating the quality of fracture reduction. For example, when considering the quality of acetabular reduction, two standard deviations (1.0 mm) make the difference between an anatomic reduction (0 mm step-off) and an imperfect reduction (1 mm step-off) indistinguishable. Although the SD for the longer distances was 1.0 mm for the indirect radiography, a 1-mm difference in applications such as leg-length discrepancy is unlikely to be clinically important.
